Regulation of cardiac mitochondrial bioenergetic efficiency is a critical determinant of contractile function during hemodynamic stress (1) . The principal determinant of myocardial bioenergetic efficiency is the functional capacity of cardiac mitochondria to mediate ATP generation, substrate utilization, calcium sequestration, apoptosis, and the cellular redox state (2) . Pathologic alterations in mitochondrial function, such as those that occur in diabetic myocardium, result in inefficient utilization of substrate promoting the progression of diastolic dysfunction and heart failure (3, 4) . Thus, the identification of key regulatory mechanisms underlying cardiac bioenergetic dysfunction in the diabetic state is of fundamental importance to the development of novel pharmacologic targets for the treatment of diabetic cardiomyopathy.
Cardiolipin (CL) is a mitochondrial specific double negatively charged phospholipid which is intricately involved in regulating diverse mitochondrial activities such as those of Complexes I, III, IV, and V of the electron transport chain (ETC) as well as state 3 respiration and the magnitude of uncoupling which collectively determine myocardial bioenergetic efficiency (5) . In addition, CL modulates adenine nucleotide translocase activity (6, 7) , supercomplex formation (8, 9) , acyl carnitine carrier activity (10) , mitochondrial fission and fusion (11) , phosphate carrier, pyruvate transporter (12) , !-ketoglutarate dehydrogenase activities (13) and apoptosis (14) (15) (16) . Understanding the chemical mechanisms underlying the multiple diverse functions of CL in mitochondrial bioenergetics and signaling will ultimately require the integration of genetic, lipidomic and pharmacologic approaches to determine the interwoven relationships between CL content and molecular species composition with the pleiotropic roles of mitochondria in health and disease.
The coordinated regulation of CL content and composition is achieved through integrating CL de novo synthesis, remodeling, and catabolism (17) (18) (19) .
In eukaryotes, CL is synthesized by cardiolipin synthase (CLS) that catalyzes the condensation of phosphatidylglycerol and CDP-DAG in the mitochondrion (20, 21) . Cardiolipin de novo synthesis results in the formation of nascent CL molecular species which are largely comprised of 16:0 and 18:1 enriched CL molecular species. Nascent CL molecular species are subsequently remodeled by the sequential actions of phospholipase to form monolysocardiolipin followed by reacylation to form mature CL molecular species by remodeling enzymes such as Tafazzin, ALCAT1, or MLCAT (22) (23) (24) . Although the molecular species compositions of CL vary between tissues, the predominant mature form of CL in myocardium is tetralinoleic (18:2) CL, which has been implicated in maximizing bioenergetic efficiency (25) (26) (27) (28) . Degradation of CL occurs through phospholipase A 2 -mediated hydrolysis to form monolysocardiolipin and dilysocardiolipin, and mitochondrial phospholipase D activation to form phosphatidic acid (5, 29) . These processes are severely dysregulated in ischemia, Barth syndrome, cancer, hypothyroidism, diabetes, aging, and heart failure leading to bioenergetic inefficiency, structural defects in mitochondria, and alterations in mitochondrial signaling (5, 24, (30) (31) (32) (33) . Thus, defining the key anabolic and catabolic regulatory steps in CL homeostasis that precipitate mitochondrial dysfunction during disease processes is of paramount importance.
Herein, we describe the generation of a transgenic cardiac myocyte-specific CLS mouse which has enabled the identification of the chemical mechanisms mediating the regulation of CL metabolism that are dramatically altered in multiple disease states. Unexpectedly, the CLS transgenic mouse contained normal amounts of total CL, but demonstrated increased cardiac CL remodeling and lipidomic flux that resulted in marked increases in tetralinoleic CL molecular species in conjunction with normal total CL content. These findings directly identify the molecular mechanisms integrating de novo synthesis, remodeling and catabolism of CL in mitochondria to maintain optimal membrane surface charge, curvature and molecular dynamics for integration of multiple mitochondrial functions. This novel discovery of CLS-mediated regulatory control of CL molecular species synthesis and flux was accompanied by mitochondrial functional alterations including increased bioenergetic efficiency that was achieved through the coordinated regulation of multiple mitochondrial enzymatic activities. Remarkably, cardiac myocyte-specific transgenic expression of CLS attenuated streptozotocin-induced diabetic alterations in CL content and molecular species distribution and prevented mitochondrial bioenergetic dysfunction in diabetic myocardium. Thus, CLS represents a novel therapeutic target for attenuating myocardial mitochondrial bioenergetic dysfunction and the pathologic accumulation of lipids in diabetic myocardium.
EXPERIMENTAL PROCEDURES
Materials -Synthetic phospholipids used as internal standards in mass spectrometric analyses were purchased from Avanti Polar Lipids (Alabaster, AL). Western blot analyses of isolated mitochondria were performed as previously described (34) . Polyclonal antibodies for Western blots were obtained from Protein Tech (hCLS -14845-1), Santa Cruz Biotech (CDS2 (P-14) and Tafazzin (JK-2)), Aviva Systems Biology (PGS1 -ARP48895), MLCL AT (a generous gift from Dr. Grant HatchUniversity of Mannitoba), Sigma Aldrich (VDAC -V2139). Solvents for sample preparation and mass spectrometric analysis were purchased from Burdick and Jackson (Muskegon, MI) as well as Sigma Aldrich (St. Louis, MO).
Generation of Transgenic Mice Selectively Expressing Human CLS 1 (hCLS1) in Cardiomyocytes
Mice transgenically expressing human CLS1 were generated by exploiting the cardiac myocyte specificity of the !MHC promoter. Briefly, we engineered SalI and HindIII sites at the 5' and 3' ends of the full-length 0.9 kb coding sequence of human CLS1. The SalI + HindIII digested fragment was cloned into a SalI + HindIII digested and alkaline phosphatase-treated !MHC vector and sequenced in both directions. A HindIII fragment containing the !MHC promoter in tandem with the hCLS1 sequence was utilized for microinjection of DNA directly into the pronuclei of mouse (B6CBAF1/J) zygotes, which resulted in integration of the transgene into the mouse germ line. Founder mice were identified by PCR analysis of mouse tail DNA and then bred with WT C57BL/6J mice (The Jackson Laboratories, Bar Harbor, ME) for at least seven generations to establish the transgenic line. The degree of hCLS1 expression was confirmed by quantitative PCR, microarray analysis, as well as its efficient translation and translocation into isolated mitochondria that was confirmed by Western blotting utilizing an antibody directed against hCLS1.
Induction of Diabetes by Streptozotocin Injection
A type I diabetic state was induced in male wild type (C57BL/6J) and CLS mice 4 months of age by a single intraperitoneal injection of streptozotocin (160 mg/kg body weight in 0.1 mL of 0.1 M citrate buffer, pH 4.5) as described previously (30, 35) . Sham control mice received citrate buffer (0.1 mL) alone. Diabetes was confirmed within 48 h by glucose levels >300 mg/dL as measured by chemstrips (bG:
Boehringer-Mannheim). Mice were euthanized 45 days after diabetic induction and cardiac tissue was collected. All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Animals Studies Committee at Washington University School of Medicine.
Mitochondrial High Resolution Respirometry and ATP Synthesis Analysis
Mice used for experiments were sacrificed and the hearts were immediately removed and dissected on ice (4°C ambient temperature). Briefly, the dissected heart was placed in mitochondrial isolation buffer (MIB; 0.21 M mannitol, 70 mM sucrose, 0.1 mM potassium-EDTA, 1 mM EGTA, 10 mM Tris-HCL, 0.5% BSA, pH 7.4) and homogenized using 12-15 passes with a Teflon homogenizer using a rotation speed of 120 revolutions per min. Next, the homogenate was centrifuged for 5 min at 850 x g, and the supernatant was collected and centrifuged for 7,200 x g for 10 min. The pellet was collected and resuspended in MIB without BSA. Mitochondrial protein content was determined using a BCA protein assay (Thermo Fisher Scientific, San Jose, CA).
High resolution respirometry was performed using 50 "g of mitochondrial protein per 2 mL chamber with the substrate and inhibitor addition protocol previously described (36, 37) . Additionally, for each assay, a 10 "L aliquot was collected from the respirametry chamber during state 3 respiration, saturated with DMSO, and stored at -80 °C for subsequent determination of ATP synthesis rate relative to ATP standards using the ENLITEN® detection system (Promega, Madison, WI) according to the manufacturer's instructions.
Multidimensional Mass Spectrometry based Shotgun Lipidomic Analysis of the Cardiac Lipidome
Lipidomic analyses were performed as previously described (25, 36, 38) . Individual lipid extracts were reconstituted with 1:1 (v/v) CHCl 3 /CH 3 OH, flushed with nitrogen, and stored at -20 °C prior to electrospray ionization-MS using a TSQ Quantum Ultra Plus triplequadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an automated nanospray apparatus (Advion Biosciences Ltd., Ithaca, NY) and customized sequence subroutine operated under Xcalibur software. Enhanced MDMS-SL analysis of cardiolipins were performed with a mass resolution setting of 0.3 Thomson as described previously in detail (39) .
Measurement of Cardiolipin Synthase Activity
Cardiolipin synthase activity was measured as previously described in detail (40,41) with minor modifications. Specifically, excised ventricular tissue was washed extensively with 5 mM Tris-HCl, pH 7.4 containing 0.25 M sucrose and 2 mM EDTA to remove blood prior to mincing the tissue in the same buffer (1.5 mL/heart). Next, the minced myocardial tissue was homogenized using 20 passes (rotation speed ~150 revolutions/min) with a Teflon homogenizer and centrifuged at 500 x g to remove nuclei and myofibrils. The resultant supernatant was centrifuged at 12,000 x g to pellet mitochondria which were resuspended at ~ 5-10 mg protein/mL in the above buffer and briefly sonicated (5 x 1 s pulses). Mitochondrial homogenates (100 µg protein/reaction) were added to buffer (35 mM Tris-HCl, pH 8.5 containing 0.25 mM EGTA) containing 0.6 mM 1,2-dihexadecanoyl-sn-glycero-3-(cytidine diphosphate) (CDP-DAG(di-16:0), Avanti Polar Lipids, Alabaster, AL) and 100 µM 1-palmitoyl-2-stearoyl- [9,10- 3 H]-phosphatidylglycerol (33 µCi/µmol, American Radiolabeled Chemicals, St. Louis, MO) on ice and briefly sonicated (10 x 1 s pulses). Reactions (100 µL) were initiated by the addition of 10 mM MgCl 2 and incubated for 5-10 min at 37°C. After termination of each reaction by addition of 0.9 mL of 1% glacial acetic acid/1 mL methanol/1 mL chloroform followed by vigorous vortexing, lipid products extracted into the chloroform layer were dried under N 2 , dissolved in 75 µL of chloroform/methanol (2:1) containing 50 µg cardiolipin standard, and resolved by thin layer chromatography (5/2.5/1/1.5 chloroform:acetone:methanol:acetic acid) using Whatman Partisil LK6D silica gel 60Å plates. Lipids were visualized by iodine staining and the region corresponding to CL was scraped and the amount of incorporated [
3 H] was quantified by liquid scintillation counting.
Measurement of Cardiolipin Remodeling with 18:2 CoA
Mitochondria (1 mg protein) were incubated in MiRO5 respiration buffer (with 20 "M palmitoyl-L-carnitine/5 mM malate and 1.25 mM ADP) with EGTA or with 0.5 mM CaCl 2 in the presence of [1- 14 C]-linoleoyl-CoA (55 mCi/mmol; 12 µM initial concentration; American Radiolabeled Chemicals, St. Louis, MO) to measure 18:2 specific CL remodeling. Aliquots of each reaction were removed at selected times over the course of 2 hours and lipids were twice extracted into chloroform by an acidified (1% glacial acetic acid) Bligh-Dyer method. After evaporating the chloroform layer under N 2 , cardiolipin was resolved from other lipid classes by thin layer chromatography (3/4/1/1/0.5 chloroform:acetone:methanol:acetic acid:water), identified by iodine staining, and the region of the plate corresponding to CL was scraped and the amount of incorporated [ 14 C] label was determined by liquid scintillation counting. Measurements were calculated in the linear range of the reaction and the fold difference in reaction rate was determined.
Enzymatic Characterization of Electron Transport Chain and Functional Adenine Nucleotide Translocase Activities
Complex I -(NADH-ubiquinone oxidoreductase) activity was determined by measuring the decrease in the concentration of NADH at 340 nm and 37 °C as previously described (42, 43) . The assay was performed in buffer containing 50 mM potassium phosphate (pH 7.4), 2 mM KCN, 5 mM MgCl 2 , 2.5 mg/mL BSA, 2 µM antimycin, 100 µM decylubiquinone, and 0.3 mM K 2 NADH. The reaction was initiated by adding purified mitochondria (5 µg). Enzyme activity was measured for 5 min and values were recorded 30 sec after the initiation of the reaction. Specific activities were determined by calculating the slope of the reaction in the linear range in the presence or absence of 1 µM rotenone (Complex I inhibitor). Complex II-(succinate decylubiquinone DCIP oxidoreductase) activity was determined by measuring the reduction of 2,6-dichloroindophenol (DCIP) at 600 nm as previously described (43, 44) . The Complex II assay was performed in buffer containing 25 mM potassium phosphate (pH 7.4), 20 mM succinate, 2 mM KCN, 50 µM DCIP, 2 µg/mL rotenone, and 2 µg/mL antimycin. Purified mitochondria (5 µg) were added prior to initiation of the reaction. The reaction was initiated by adding 56 µM decylubiquinone. Specific activities were determined by calculating the slope of the reaction in the linear range in the presence or absence of 0.5 mM Thenoyltrifluoroacetone (Complex II inhibitor).
Complex III-(ubiquinol-cytochrome c reductase) activity was determined by measuring the reduction of cytochrome c at 550 nm and 30°C. The Complex III assay was performed in buffer containing (25 mM potassium phosphate (pH 7.4), 1 mM EDTA, 1 mM KCN, 0.6 mM dodecyl maltoside, 32 µM oxidized cytochome c) using purified mitochondria (1 µg). The reaction was initiated by adding 35 µM decylubiquinol. The reaction was measured following the linear slope for 1 min in the presence or absence of 2 µM antimycin (Complex III inhibitor). Decylubiquinol was made by dissolving decylubiquinone (10 mg) in 2 mL acidified ethanol (pH 2) and using sodium dithionite as a reducing agent. Decylubiquinol was further purified by cyclohexane (42, 43, 45) . Complex IV-(cytochrome c oxidase) activity was determined by measuring the oxidation of ferrocytochrome c at 550 nm and 25°C. The Complex IV assay was performed in buffer containing (10 mM Tris-HCl and 120 mM KCl (pH 7.0)) using purified mitochondria (2.5 µg). The reaction was initiated by adding 11 µM reduced ferrocytochrome c and monitoring the slope for 30 sec in the presence or absence of 2.2 mM KCN (Complex IV inhibitor) (43, 46) . Complex V-(F1 ATPase) activity was determined using a coupled reaction measuring the decrease in NADH concentration at 340 nm and 37°C as previously described (47-49). The Complex V assay was performed in buffer containing (50 mM Tris-HCl, 25 mM KCl, 5 mM MgCl 2 , 4 mM Mg-ATP, 200 "M K 2 NADH, 1.5 mM phospho(enol)pyruvate, 5 units pyruvate kinase, 5 units lactate dehydrogenase, 2.5 "M rotenone, 2 mM KCN) using purified mitochondria (10 "g). The reaction was initiated by the addition of mitochondria and the reaction was monitored for 6 minutes. The slope in the linear range was used to calculate the reaction rate.
2.5 mg/mL oligomycin (Complex V inhibitor) was added to designated cuvettes to calculate the specific Complex V activity. Functional Adenine Nucleotide Translocase (ANT) Activity -Measurement of functional ANT activity was performed using isolated mitochondria (50 "g) with high resolution respirometry. Briefly, isolated mitochondria were incubated with Pyruvate(5 mM)/Malate(5 mM), Glutamate(10 mM)/Malate(5 mM), Palmitoyl-Lcarnitine(20 "M)/Malate(5 mM), or succinate(10 mM)/(rotenone (1 "M)) and then stimulated with ADP (1.25 mM) for state 3 respiration. Once maximal stimulated oxygen consumption was achieved, atractyloside was injected at sequential concentrations between 50 pmol and 20 nmol to determine the linear inhibition of ANT under control of the various respiratory substrates as previously demonstrated (50) (51) (52) (53) (54) .
Oxidized Lipid Metabolite Analysis
Heart Tissue Sample PreparationsTissues (~100 mg) were quickly washed with cold PBS (pH7.4) solution, blotted, snap-frozen in liquid nitrogen and stored at -80ºC until extraction. For extraction, 2 ml of ice-cold MeOH/CHCl3 (1:1 v/v with 1% HAc) and 2 "l of antioxidant mixture (0.2 mg/ml BHT, 0.2 mg/ml EDTA, 2 mg/ triphenylphosphine, and 2 mg/ml indomethacin in a solution of 2:1:1 methanol/ ethanol/H 2 O) were added to the tissue samples. Internal standards (250 pg each of TXB2-d4, PGE2-d4, LTB4-d4, and 12-HETE-d8, 13-HODE-d4 and 9,10-DiHOME-d4 in 5ul acetonitrile) were also added at this step. The samples were immediately homogenized and subsequently vortexed several times during a 15-min incubation on ice. Then 1 ml of ice-cold H 2 O was added to the sample which was briefly vortexed and centrifuged at 1500 x g for 15 min. The CHCl 3 layer was transferred to a new tube and the remains were re-extracted and centrifuged at 1500 x g for 15 min. The combined CHCl 3 layers were dried down with N 2 and reconstituted in 1 ml of 10% MeOH solution.
Solid
Phase ExtractionThe reconstituted solution was immediately applied to a Strata-X solid phase extraction cartridge that had been preconditioned with 1 ml of methanol followed by 1 ml of 10% methanol. The cartridge was then washed with 2x1ml of 5% methanol and additional solvent was pushed out with N 2 at a pressure of 5 psi. Eicosanoids were eluted with 1 ml of methanol containing 0.1% HAc. All cartridge steps were carried out using a vacuum manifold attached to a house vacuum line. After the organic solvent was evaporated with a SpeedVac, the residues were derivatized with AMPP.
Derivatization ReactionsThe derivatization with AMPP was described in detail by Gelb et al. Briefly, 12.5µL of ice-cold acetonitrile / N,N-dimethylformamide (4:1, v:v) was added to the residue in the sample vial. Then 12.5 µL of ice-cold 640 mM (3-(dimethylamino)propyl)ethyl carbodiimide hydrochloride in HPLC grade water was added. The vial was briefly vortexed and 25 µL of 5 mM N-hydroxybenzotriazole/15 mM AMPP in acetonitrile was added. The vials were mixed briefly on a vortex and placed in a 60°C water bath for 30 min.
LC/MS/MS Analysis-Arachidonic acid (AA), linoleic acid (LA) and docosahexaenoic acid (DHA) metabolites were analyzed by LC/MS/MS. The metabolites were separated on a C18 reversed phase column (Ascentis Express, 2.7 µm particles, 150 # 2 mm), which was maintained at ambient temperature, using a mobile phase gradient (A, 0.1% glacial acetic acid in water; B, 0.1% glacial acetic acid in acetonitrile) at a flow rate of 0. Metabolites were analyzed using a hybrid tandem mass spectrometer (LTQ-Orbitrap, Thermo Scientific) via selected reaction monitoring (SRM) in positive ion mode with sheath, auxiliary, and sweep gas flows of 30, 5, and 1, respectively. The capillary temperature was set to 275°C and the electrospray voltage was 4.1 kV. Capillary voltage and tube lens were set to 2 and 100 V, respectively. Instrument control and data acquisition were performed using the Thermo Xcalibur V2.1 software.
Statistical Analysis
Data were analyzed using a two-tailed unpaired Student's t-test. Differences were regarded as significant at the *: P< 0.05 level, **: P< 0.01 level. All data are reported as the means + S.E. unless otherwise indicated.
RESULTS

Cardiac myocyte transgenic expression of cardiolipin synthase (CLS) results in an increased content of tetra-18:2 cardiolipin molecular species
To investigate the metabolomic and functional sequelae of altering CL content in myocardial mitochondria, we generated a cardiac myocyte-specific (!-myosin heavy chain (MHC)) transgenic mouse expressing human cardiolipin synthase 1 (CLS). This approach allows the mechanistic dissection of the kinetic alterations that can be recruited to facilitate the regulation of CL content and molecular species distribution in mitochondria through genetic perturbation of the rate-limiting step in the formation of nascent cardiolipin molecular species. Moreover, through this approach, detailed insights into the downstream metabolomic and functional sequelae of alterations in cardiolipin metabolism on cardiac development, metabolism, signaling and cellular bioenergetics can be examined to identify protective or maladaptive responses to metabolic stress (e.g., diabetic cardiomyopathy).
First, we generated mice expressing CLS in a cardiac myocyte specific manner through utilization of the MHC promoter as described in "Experimental Methods." Human CLS transgene expression was confirmed by Western blot analysis by the appearance of a new band at the anticipated molecular weight of 61 kDa ( Figure  1a) . Next, we determined that the expressed transgenic protein was catalytically active by quantifying the incorporation of radiolabeled phosphatidylglycerol into CL catalyzed by the transgenic CLS protein. Analysis of cardiolipin synthase activity revealed a 6-fold increase in activity in isolated cardiac mitochondria from the CLS compared to WT mice ( Figure 1B) . Having established the expression and catalytic activity of the expressed transgene we next focused on CLS transgene mediated alterations in cardiolipin content and molecular species distribution in mature mice and during development.
Multidimensional mass spectrometry based-shotgun lipidomic (MDMS-SL) analyses of myocardial CL molecular species during cardiac development in wild-type (WT) and CLS mice revealed an accelerated rate of remodeling demonstrated by the selective enrichment of linoleic acid (LA) and decrease in docosahexaenoic acid (DHA)-containing CL molecular species in transgenic CLS mouse myocardium in comparison to WT littermates (Figure 1c and Supplemental Figure 1 ). These specific alterations in the 18:2 fatty acyl content of CL were initially present at postnatal day 7 in the predominant molecular species that serve as intermediates in mature CL synthesis such as 18:2-18:2-18:1-18:1 CL, 18:2-18:2-18:1-20:3 CL, and 18:1-18:2-18:2-20:2 CL. At postnatal day 14, species containing DHA were selectively and progressively decreased and tetra-18:2 CL (the most abundant species in mature heart), was significantly increased in the transgenic CLS myocardium in comparisons to WT littermates. These differences in CL remodeling are manifest through postnatal day 17 and 21 indicating accelerated CL remodeling in the CLS transgenic mouse during this time frame. The total CL content present in CLS myocardium was not statistically different in comparison to WT littermates and increased proportionally during development (Figure 2A) . By postnatal day 35, a mature CL profile was present in WT myocardium while CLS myocardium exhibited a 40% increase in the predominant tetra-18:2 CL molecular species as identified by its doubly charged M + $ isotopologue by MDMS-SL analysis (Supplementary Figure 1) .
Transgenic cardiac myocyte CLS expression regulates cardiolipin flux and the production of oxidized lipid metabolites
Although the in vivo transgenic expression of CLS in myocardium was anticipated to result in an abundance of immature CL molecular species, as well as the accumulation of CL mass, no increase in total CL mass was present. Rather, increased de novo synthesis was accompanied by an increase in phospholipase-mediated remodeling through accelerated phospholipase mediated deacylation and subsequent acyltransferase/transacylation activities which served to regulate the overall content and composition of CL in the mitochondrial inner membrane. Thus, compensatory mechanisms (increased phospholipolysis) can be recruited to maintain the overall charge density and membrane curvature present in the mitochondrial inner membrane. A second prominent mechanism that is invoked to maintain mitochondrial membrane surface charge and membrane dynamics in the face of accelerated CL synthesis was the dramatic depletion of phosphatidylglycerol (PG), which serves as a co-substrate for CLS ( Figure 2B ). Virtually all molecular species of PG were lower in the CLS mouse in comparisons to WT littermates (Supplemental Figure 2A) . However, based on the percent distribution of PG molecular species, only the predominant 16:0-18:2 PG and 16:0-18:1 PG were proportionally decreased (Supplemental Figure 2B) indicating their major utilization in the synthesis of immature CL species. Interestingly, the content of phosphatidic acid, a precursor for PG synthesis, was unchanged in the CLS mouse relative to WT control mice (data not shown) indicating that CLS transgenic expression does not deplete additional distal upstream precursors.
More importantly, the effect of increased CLS activity not only resulted in increased catabolism of total CL species to balance net CL influx, but also led to the selective remodeling of linoleic acid-enriched species, most notably tetra-18:2 CL ( Figure 2C ). The increased remodeling rate of CL, however, was not the result of compensatory increases in the expression of upstream enzymes involved in CL biosynthesis (e.g., CDS2 and PGS1) or known CL remodeling enzymes, such as monolysocardiolipin acyltransferase (MLCLAT) or Tafazzin (Supplementary Figure 3) . To further investigate the rate of selective CL remodeling, we examined the incorporation of [ 14 C]-linoleoyl-CoA into CL in respiring mitochondria in the presence or absence of calcium ion. The results demonstrated a 2-fold increase in linoleic acid incorporation into CL in calcium-stimulated respiring mitochondria in the CLS transgenic mice versus their WT littermates ( Figure 2D ). Thus, calcium serves as a modulator of CL content and composition demonstrating a previously undescribed role for calcium in cellular bioenergetics through increased remodeling and resultant salutary alterations in mitochondrial bioenergetics.
To further investigate the sequelae of altering CL synthesis and remodeling on the composition of other myocardial lipids we quantified the content and molecular species composition of choline and ethanolamine glycerophospholipids in WT and CLS transgenic hearts.
The increased expression of CLS in transgenic mouse myocardium resulted in an increased content of specific choline and ethanolamine glycerophospholipid molecular species containing 18:2 and 20:4 acyl groups esterified at the sn-2 position accompanied by a corresponding decrease in the content of 22:6 containing molecular species (Supplemental Figures 4 and 5) . We reasoned that the observed enrichment of linoleate and arachidonate in choline and ethanolamine glycerophospholipids augments the generation of lipid 2 nd messengers by phospholipase-mediated hydrolysis and subsequent oxidation. Thus, the CLS transgenic heart is presumably poised to produce biologically active signaling molecules that have previously been demonstrated to be potent regulators of cardiac contractility (55), bioenergetic efficiency and vascular reactivity. Accordingly, we hypothesized that the altered composition of these molecular species reflected the intrinsic alterations in the production of lipid signaling molecules initiated by CLS transgene expression.
A mass spectrometric platform for measuring the diminutive amounts of these highly potent signaling metabolites in myocardium was developed using a chargeswitch methodology (56) in conjunction with a linear ion trap and accurate mass analysis of product ions using the LTQ-Orbitrap. Mass spectrometric analysis of oxidized linoleic acid species revealed an approximately 2-fold increase in 9-HODE, 13-oxoODE, 9-oxoODE, and 12(13)-EpOME ( Figure 3A) . In contrast, other oxidized linoleic acid molecular species were unchanged. These results demonstrate the induction of specific signaling molecules that reflect adaptive metabolic programs initiated by the transgenic expression of CLS in murine myocardium. Similarly, analysis of 22:6 oxidized species demonstrated specific alterations in oxidized DHA molecular species after CLS transgenic expression. These included approximately 2-fold decreases in 10,17-DiHDoHE, 19,20-DiHDPA, and 7-DHoHE while the majority of other DHA oxidized molecular species were unchanged in comparisons between CLS transgenic mice and their WT littermates despite a lower content of precursor 22:6 aliphatic chains in their phospholipid precursor pools ( Figure 3B ). Additionally, analysis of oxidized AA metabolites revealed an overall increase in content of HETEs, EETs, and prostanoids ( Figure 3C) To investigate the effects of increased CL turnover and enrichment of tetra-18:2 CL in the CLS mouse on mitochondrial bioenergetic function, multiple parameters were assessed. First, analysis of electron transport chain (ETC) activities in isolated cardiac mitochondria during development revealed a selective 30% increase in Complex III activity (initiated at 1 month of age) as well as selective 40% decrease in Complex IV activity beginning at 14 days of age in CLS transgenic mice compared to their WT counterparts ( Figure 4A ). These findings suggest that the extent of CL remodeling in the CLS mouse is initiated by changes in Complex IV activity that leads to further adaptive alterations in Complex III activity. Second, high resolution respirometry revealed changes in adenine nucleotide translocase (ANT) activity utilizing palmitoyl-L-carnitine, glutamate, or succinate as substrate, but not pyruvate thereby demonstrating CL-induced substrate selective alterations in bioenergetic efficiency in CLS transgenic mouse hearts ( Figure 4B ). These results suggest that tetra-18:2 CL and increased CL flux control the efficiency of mitochondrial ATP synthesis by the coordinated regulation of ETC function and TCA cycle flux to drive ADP entry into mitochondria. Third, high-resolution respirometric analysis of mitochondrial substrate utilization revealed substrate selective regulation of respiration in the CLS mouse. Although cardiac mitochondria isolated from CLS transgenic and WT mice possessed nearly equivalent rates of pyruvatestimulated state 3 respiration (Figure 5A ), administration of palmitoyl-L-carnitine, glutamate, pyruvate/glutamate, and succinate demonstrated lower rates of oxygen consumption in state 3 respiration in the CLS mouse in comparison to WT littermates ( Figure 5B-D) . Thus, these changes in the utilization of Complex I and Complex II substrates were not mediated by the selective control of the active complexes in the ETC (Figure 5E ), but rather by the specific metabolism of these substrates in the TCA cycle in conjunction with decreased oxygen consumption by the attenuation of Complex IV activity present in mitochondria isolated from myocardium of the CLS transgenic mouse in comparisons to their WT littermates. This resulted in the vast majority of the lower respiratory activity when analyzed by substrate control ratios for CLS compared to WT mitochondria ( Figure 5F ). Moreover, analysis of ATP production during respiration revealed that there were no differences in the relative amounts of ATP produced by each substrate, even though less oxygen was consumed demonstrating increased bioenergetic efficiency ( Figure 5G ).
Mechanistically, these results demonstrate the increased coupling of the ETC chain in the CLS transgenic mouse due to increased Complex III and decreased Complex IV activities and/or an increase in substrate level phosphorylation in the TCA cycle.
Cardiac transgenic CLS expression attenuates maladaptive cardiolipin remodeling and bioenergetic dysfunction in mitochondrial isolated from streptozotocin-induced diabetic mice
Previous work has demonstrated that streptozotocin (STZ) induced diabetes leads to maladaptive CL remodeling resulting in a decrease in tetra-18:2 CL molecular species and an increase in DHA containing species (30, 33) . Thus, we induced the diabetic state by STZ injection in both 4 month old male CLS transgenic mice and their WT littermates and analyzed the resultant effects of CLS transgenic expression on diabetes induced alterations in CL molecular species composition by the M + $ isotopologue approach using MDMS-SL. Remarkably, we found that CLS transgenic expression attenuated the maladaptive remodeling of CL molecular species manifest in the diabetic state ( Figure 6) .
Analysis of the bioenergetic function in cardiac mitochondria revealed a decrease in pyruvate, but not palmitoyl-L-carnitine stimulated state 3 respiration in WT STZ mice compared to WT sham controls ( Figure 7A and C). In contrast, no significant alterations were detected for either pyruvate-or palmitoyl-Lcarnitine stimulated state 3 respiration between CLS STZ and CLS sham mice ( Figure 7B and  D) .
Furthermore, measurements of ATP synthesis during respiration revealed a decrease in ATP production in WT STZ for both pyruvate and palmitoyl-L-carnitine stimulated respiration in comparison to WT sham injected animals. In sharp contrast, CLS transgenic mice rendered diabetic by STZ treatment maintained their ability to efficiently synthesize ATP despite lower rates of oxygen consumption, demonstrating preserved coupling efficiency ( Figure 7E ).
Enzymatic analysis of ETC activities in WT and CLS STZ mice revealed that STZ treatment of WT mice resulted in decreases in Complex I and Complex V function and increases in Complex II and Complex IV activities, likely leading to maladaptive compensatory alterations in bioenergetic capacity ( Figure 7F ). In contrast, STZ treatment of CLS transgenic mice resulted only in a slight decrease in Complex V activity which does not appear to affect total ATP synthesis since this was unaltered in the diabetic CLS transgenic mouse hearts ( Figure 7E ). Collectively, these findings demonstrate that CLS transgenic expression can protect diabetic myocardium through its maintenance of physiologic CL molecular species, ETC activities, and bioenergetic efficiency in the diabetic state.
DISCUSSION
Dysfunctional regulation of CL content and/or molecular species distribution represents a membrane-mediated mechanism underlying mitochondrial bioenergetic inefficiency in multiple disease states (5, 24, 31, 33, 57, 58) . However, due to the complex and interwoven nature of the multiple metabolic pathways involved in CL biosynthesis, remodeling and metabolic flux, the mechanistic dissection of the roles of individual enzymes in the dysfunctional regulation of CL metabolism during the onset and progression of disease states has previously represented an intractable metabolomic problem (17, 26, 59, 60) . In this study, we used cardiac myocyte-specific transgenic expression of CLS to identify the regulatory mechanisms that integrate multiple aspects of cardiolipin synthesis and remodeling to identify the functional sequelae of alterations in mitochondrial membrane composition, structure and function. Through the detailed analysis of metabolomic, functional and signaling alterations in the cardiac myocytespecific CLS transgenic mouse, we provide compelling evidence that alterations in CLS activity coordinately regulate multiple downstream metabolic and operative processes including CL remodeling, mitochondrial bioenergetic function and the production of lipid 2 nd messengers of signal transduction. The results identify the previously unanticipated roles of CLS in: 1) the regulation of CL molecular species distribution without changes in total CL content; 2) enhanced mitochondrial bioenergetic efficiency; 3) the regulation of biologically active lipid 2 nd messengers in myocardium; and 4) the ability of enhanced tetra 18:2 molecular species content in preventing pathologic alterations in cardiac mitochondrial lipidomic composition and bioenergetic function during streptozotozin induced diabetes.
Alterations in CLS activity have previously been implicated in mitochondrial ETC complex assembly (19, 61) and mitochondrial fusion (62) . The unique stereoelectronic relationships present in CL molecular species provide a powerful chemical palette that allows CL biosynthesis and remodeling to participate in the regulation of multiple mitochondrial processes including protein import by Tam41 (63), fatty acid transport, and protein dynamics (64) . Thus, alterations in CLS activity impacts a multitude of mitochondrial processes that integrate mitochondrial structure, dynamics, and surface charge to facilitate adaptive changes that coordinately optimize mitochondrial bioenergetic and signaling functions.
Intense investigation has focused on identifying the molecular mechanisms which sculpt CL molecular species as well as regulate and maintain CL content in the mitochondrial membrane during development, health, and disease pathogenesis (18, 65) . Alterations in CL content and molecular species have been demonstrated in heart failure, diabetes, Barth syndrome, myocardial ischemia, hyperthyroidism, oxidative stress, aging, and cancer (5, 24, 30, 31, 33, 66) . In the heart, the predominant species of CL contains 4 linoleic acyl chains and is referred to as tetra-18:2 CL (67). Based on the structural symmetry and chiral centers present in tetra-18:2 CL as well as its predominance in highly oxidative tissues such as myocardium and its deficiency in Barth syndrome and other pathologic states, the maintenance of symmetric tetra-18:2 CL molecular species is evidently imperative for mitochondrial function (20, 28) . Thus, modulation of tetra-18:2 CL content by the coordinated regulation of phospholipases and acyltransferases/transacylases during remodeling represents an upstream node for membranemediated mitochondrial bioenergetic and signaling functions. The selective increased content of tetra-18:2 CL (in the absence of an increase in total CL mass) in the CLS transgenic mouse provides a unique model system that has revealed the fundamental interrelationship between CL synthetic rates and phospholipaseinitiated remodeling. Moreover, by perturbation of the metabolomic balance between CL synthesis and degradation, new insights into the fundamental mechanisms regulating CL content and molecular species composition have been uncovered.
In cardiac mitochondria isolated from the CLS transgenic mouse, we discovered that hyperremodeling and increased tetra-18:2 CL content resulted in an increase in Complex III and a decrease in Complex IV activities in the CLS transgenic mouse compared to WT controls. In contrast, no differences were found in Complex I or V activities. Previously, analysis of fibroblasts from individuals with Barth syndrome, a disorder characterized by increased monolysocardiolipin content and decreased tetra-18:2 CL content, revealed a specific decrease in Complex III activity (68) . Thus, it is evident that regulation of tetra-18:2 CL content in cardiac mitochondria coordinately regulates the activity of Complex III, thus influencing the coupling of proton and electron donation, through Complex I and II as well as the ubiquinone cycle, respectively, thereby increasing the potential driving force of the ETC. By selectively decreasing Complex IV activity which is allosterically inhibited by ATP content and therefore controls the efficiency of ATP generation (69), the cytochrome c redox state in CLS cardiac mouse mitochondria is more efficiently coupled to the ETC thereby utilizing less oxygen per molecule of ATP generated. Thus, selective control over specific components of the ETC complexes by CL content, molecular species, and lipid 2 nd messenger generation likely serves as an important regulatory mechanism underlying efficient mitochondrial bioenergetics function and signaling as well as its ability to circumvent maladaptive pathological diabetic insults (Figure 8 ).
An unanticipated finding resulting from cardiac myocyte-specific transgenic expression of CLS was the increase in 18:2 and 20:4 fatty acyl and the decrease in 22:6 fatty acyl containing choline and ethanolamine glycerophospholipid molecular species. (73, 74) . Thus, these results provide a novel mechanism through which alterations in mitochondrial bioenergetic state can be used to modulate blood flow and hence substrate delivery. Moreover, HETEs and EETs have profound effects on cardiovascular hemodynamic function and ion channel kinetics (75, 76) .
The rate determining step in the synthesis of most biologically active eicosanoid metabolites is the release of AA from phospholipid molecular species. The released AA is subsequently oxidized by a rich repertoire of enzymes that generate specific eicosanoid metabolites in a spatio-temporal fashion that target discrete cellular functions through autocrine, paracrine or endocrine pathways. Most of the intracellular phospholipases that participate in the release of AA are activated by negative membrane surface charge. Thus, CLS may directly participate in the production of biologically active oxidized lipid second messengers through alterations in membrane surface charge and dynamics. Through the modulation of these distinct processes through increased CLS activity, the deleterious effects of the diabetic state on myocardial bioenergetics are attenuated thereby preserving mitochondrial bioenergetic efficiency and metabolic capacity in diabetic myocardium.
In summary, our results demonstrate the critical importance of CLS in the coordination of bioenergetic capacity through CL flux, remodeling, and subsequent generation of bioactive oxidized lipid products in myocardium. Regulation of CLS activity thus represents a key metabolic and physiologic node that provides a novel therapeutic target for the treatment of bioenergetic dysfunction in diabetic myocardium and other disorders precipitated by mitochondrial dysfunction. Figure 6 . Cardiolipin synthase transgenic expression prevents maladaptive remodeling of 18:2 and 22:6 enriched species in streptozotocin induced diabetes Four month old wild-type and CLS mice were injected with citrate (sham) or streptozotocin (STZ) to induce diabetes and glucose levels were monitored to confirm the diabetic state. Following the induction of diabetes for 6 weeks, mice were sacrificed and MDMS-SL cardiolipin molecular species analysis was performed. Analysis of (A) 18:2-enriched and (B) 22:6-enriched cardiolipin molecular species revealed maintenance of cardiolipin molecular speciation by cardiolipin synthase transgenic expression. Total analysis of cardiolipin molecular species can be found in supplemental figure 6 . Values represent the mean molecular species content (nmol/mg protein) + S.E. (N=4 different hearts per group) (Black bar-wildtype mice, White bar-CLS transgenic mice). *: P< 0.05 level, **: P< 0.01 level. 
